Abstract
Introduction
Extracellular recordings of neural signals have been widely used for neurological studies. They make long-term simultaneous observations of multi-neuronal activities possible and can be used in many applications including neural prosthesis and brain machine interfaces. Extracellular recordings contain the action potentials from the neurons located near the electrode, called "spikes". To understand the information carried by a nervous system, we need to extract the timing of action potentials by a detector [1] .
The most widely used detection method is the threshold method, in which the signal is passed through a threshold detector to determine spike locations [2] [3] [4] . Energy-based spike detectors [5] [6] [7] and wavelet-based method [8] [9] [10] [11] have also been used to detect neural spikes.
Matched filter is a simple and effective action potential detector [12] [13] [14] . However, it is found to be too sensitive to the amplitudes differences among the action potentials to be useful in general applications. After matched filter, amplitudes differences among the action potentials will be enlarged. While in the subsequent threshold detection step, the threshold value is determined according to standard deviation of the filtered signals. So, the original action potentials with relatively lower amplitude values are often omitted which will bring down the performance of matched filter detector.
We propose an improved matched filter detector by introducing adjust function. The detector eliminates the variance of differences among action potential amplitudes produced by matched filter. Simulation data at various signal-to-noise ratio levels of signal-noise-ratio is used to test the detector. The results show that the proposed method outperforms classic matched method, and it even outperforms detector based nonlinear energy operator. The novel matched filter obtains higher correct ratio and lower false ratio.
Novel matched filter

Matched filter method
Signal x(t) contains two components sI(t) and nI(t) that represent the certain signal (e.g. action potential) and noise respectively. The matched filter h(t) yielding the output y(t)=sO(t)+nO(t) is to generate the maximal ratio of sO(T0) and nO(T0) in the sampling values at the moment T0. Where sO(t), nO(t) are the outputs of sI(t) and nI(t) respectively after the filter. Figure 1 . Matched filter system. sI(t) represents the certain signal we need to detect, and nI(t) represents the noise in the system. sO(t) represents the output of the matched filter by sI(t), and nO(t) represents the output of the matched filter by nI(t). Matched filter maximized the signal-noise ratio, the ratio of the power of sO(t) and power of nO(t) according to the Schwartz Inequality.
Here, we suppose that the noise nI(t) is some kind of Gauss process, whose power spectrum is N/2, and the spectrum of the certain signal sI(t) is
That is the Fourier Transform of sI(t). The output of the filter y(t) also contains two components representing the certain signal and noise respectively, y(t)=sO(t)+nO(t), where
The average power of the noise equals to the value of auto -correlation function is
Hence, the definition of the signal-noise ratio at the moment TO is
According to the Schwartz Equality, we get 
Amplifier threshold
In matched filter action potential detector, the output of the filter is passed through a threshold to determine the spikes. The threshold value of the detector is usually determined according to Chebyshev Inequality
Where
, and  represents an arbitrary positive number.
Chebyshev inequality provides the upper limit of the probability (| | ) PX  when the distribution of X is not given, e.g.
Adjustment Function
From above discussion, we know that amplitudes differences among the action potentials will be enlarged. While in the subsequent threshold detection step, the threshold value is determined according to standard deviation of the filtered signals. So, the original action potentials with relatively lower amplitude values are often omitted which will lower the performance matched filter detector.
To solve the problem, we introduce an adjustment function () ft to matched filter
Where () xt represents the recorded signal containing action potentials,  represents the standard deviation of () xt , and n , k are positive parameters determining the zoom intensity and zoom center respectively. The output of a linear time-invariant system is the convolution function of the transfer function and the input:
where () ht is the transfer function of the system. Then, the convolution function of the improved matched filter is
As mentioned above, we often use several times of standard deviation as the threshold value to detect the action potential. Similarly, the adjustment function zooms in the segment of the signals whose amplitude value is about k , which should be lower than the action potential detection threshold value.
Experiments
Data source
Simulation signals used in the paper are from the Neural Signal Simulator. Each virtual electrode is simulated as detecting microvolt signals from three separate neurons located at different distances from the recording site. The amplit udes of the three action potentials as well as the kinetics of their responses differ in a manner consistent with real world signals. The simulation on each output channel consists of a sequence of three individual action potentials that "fire" one after the other at a 1s intervals. This firing sequence repeats nine times. Then, every 10 seconds, an one-second burst of activity is simulated. The burst consists of the same train of three individual action potentials, but they are repeated with an inter action potential interval of 10 milliseconds.
To achieve the performances of the action potential detection methods under the conditions of a range of different degrees of background noise, we simulate the noised data by adding Gaussian noise to the original signals from Neural Signal Simulator in the measurement of dB by different signal-to-noise ratio (SNR) values, shown in figure 1 . In our definition of SNR, the powers of action potentials are not the same. So, we compute the power of the whole segment as the power of signal. For the average power of the whole segment, which is fitful, is lower than the average power of action potentials. So, the noise intensity, SNR value, in our experiments may be lower than the classic definition. Simulation data in our experiments adding Gaussian noise at four degrees, 5dB, 0dB, -5dB, -10dB. The horizontal axis represents the timeline (s), and the vertical axis represents the amplitude at each degree (dB)
Results
We compare the performances of nonlinear energy operator method, classic matched filter method and improved matched filter method on simulated data here. 40 levels of SNR are used in the comparison. Part of the results is shown in figure 3 . The templates in the both matched filter methods are the average of all simulated action potentials. Results show that the two types of matched filter methods have better anti-noise ability than nonlinear energy operator method. At the same time, the improved matched filter has a better detection capability.
To further evaluate the performances of the methods, we let the outputs of these methods get through the amplitude threshold detection. The last results are shown in figure 4 . comparison of different detection methods in 16 SNR levels. In Fig.4 (a) , the horizontal axis represented the noise intensity (dB) and the vertical axis represented the correct ratio of detection (*100%). In Fig.4 (b) , the horizontal axis represented the noise intensity and the vertical axis represented the missing ratio of detection. Getting higher correct ratio and lower missing ratio, improved matched filter method performs better than the other two methods.
Results show that the improved matched filter method obtains higher correct ratio and lower missing ratio than the other two methods. The definition of correct ratio is The parameters are set as k=2.3, and n=5 for these simulation data.
Conclusion
On simulation data, improved matched filter method is found to be superior to the other two methods as presented in figure 4 . In a certain range of signal-noise ratio, the correct ratio of the improved matched filter is higher than the other two, at the same time the missing ratio is lower.
At high signal-noise ratio range (5dB ~ 0dB), all three methods can detect different types of action potentials sufficiently. The nonlinear energy operator performs anti-noise ability in a certain extent, and the distribution of the action potentials in output is acceptable to a threshold detector. The output of the matched filter distributes widely than the other two, and the threshold value of the threshold detector is relatively lower, even lower than the standard deviation of the output. This seems to be unreasonable. However, the good anti-noise ability makes the result of matched filter after threshold detection step acceptable at a high signal-noise ratio. The improved matched filter is competent to detect action potentials in this range of noise intensity too. When the signal-noise ratio decreases in the range of 0dB ~ -10dB, the raw signal becomes disordered gradually. We find that the output of nonlinear energy operator becomes disordered gradually when the signal-noise ratio decrease, and the result after the threshold detection step worsens either. The waveform in the output of matched filter does not change obviously compared with the output at high signal-noise ratio. However, the result after the amplitude threshold detection step deteriorates, for the increasing noise intensity makes the right choice of the threshold value of threshold detector becomes much harder, which means the missing ratio increases. The result of improved matched filter method is better than the other two methods both in correct ratio and missing ratio.
